In most genome-wide linkage studies, implication of a causative disease gene often requires years of expanding the study to more families and finer mapping of the initially described region. Even after such efforts, unobtainable sample sizes can be required to make statistically meaningful conclusions about a single gene. Here we demonstrate that by adding a layer of functional biology to statistical genetic results, this process can be accelerated. The diabetes susceptibility locus (chromosome 18p11) was systematically dissected by using a cell-based secretion assay and RNA interference, and we identified laminin ␣1 to have a role in pancreatic ␤ cell secretion. The screen was extended to identify laminin receptor 1 as a functional partner in regards to ␤ cell function. Our approach can potentially be widely used in the setting of high-throughput cellular screening of other loci to identify candidate genes.
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diabetes ͉ functional genomics ͉ insulin ͉ laminin ͉ RNA interference T he risks that contribute toward the development and progression of type 2 diabetes include both environmental and inherited factors. As such, determining the underlying genetic basis of diabetes is critical for diagnosing and preventing the disease. As with many diseases with a demonstrated genetic component, identification of susceptibility genes by wholegenome linkage studies is widely used (1) . In such studies, the entire genome of an individual is mapped by using genetic markers. Statistical tests are applied to link specific genomic regions to disease risk. Outcomes from such studies can lead to the isolation of a single causative gene but often leave investigators confronting broad genomic regions containing hundreds of genes. Factors such as the impracticality of dramatically increasing the number of families tested, low allelic frequency, and incomplete penetrance of the effect often prevent the statistical narrowing down of these large regions to identify the involved gene.
In regard to studies of diabetes risk, successes in this approach have largely been limited to monogenic forms of the disease. Cases in point are the Maturity-Onset Diabetes of the Young (MODY) genes, which typically exert a strong phenotype mainly by interfering with the normal release of insulin. Altogether, the six forms of MODY can account for only 1-2% of all diabetes patients (2) . More common for many diseases, and in particular type 2 diabetes, is the involvement of multiple genes (3), which individually have small phenotypic effects. This characteristic is the defining feature of so-called ''complex trait'' diseases (4), a feature that greatly complicates the statistical narrowing of genetic loci into causative genes.
In this study, we have designed a cell biology-based approach to accelerate the dissection of disease susceptibility loci. Our strategy utilizes RNA interference (RNAi), the process where double-stranded RNA induces the homology-dependent degradation of cognate mRNA (5) . RNAi is well suited for screening numerous target genes, as demonstrated by other successful functional genomic studies (6, 7) . By combining the available genome data with prediction algorithms for efficient RNAi agents, we have designed a panel of RNAi agents against both known and predicted genes encoded within a defined chromosome region associated with diabetes risk. These RNAi agents were screened by using a cell-based assay to functionally dissect a diabetes-susceptibility locus and isolate a causative gene.
gene product described in the scientific literature. The functional assay used in our primary screen utilizes a rat insulinoma (see Step 4) . Because RNAi is highly sequence-dependent, variations in the sequences between the human and rat genes necessitate siRNA design derived from rat sequences. Thus, an additional step to map the human diabetes-susceptibility locus against the rat genome was required for effective siRNA design. All six of the functionally described human genes mapped on the rat genome within rat chromosome 9q37-38 (105-110 megabases) and maintained an identical sequential order (Fig. 5) . Of the 12 remaining human gene models, four had significant similarity to the syntenic region of rat chromosome 9, as determined by BLAST sequence alignments (15) . Based on this analysis, we prioritized our gene list and selected 10 genes for siRNA design (Table 1) .
Step 3: Design and synthesis of the collection of RNAi agents to target genes within susceptibility locus. Using previously described selection rules (16, 17) , four siRNAs were designed against each target. The use of multiple siRNAs increases the probability of an effective siRNA against the target (18) . Additionally, confidence in the interpretation of the screen is enhanced when similar functional consequences are observed with siRNAs against the same target but with different sequences (19) .
Step 4: Screen the collection of RNAi agents against cell-based assay for ␤ cell function. We developed a general screening assay that would be capable of detecting perturbations of ␤ cell function and would be sensitive to a broad range of cellular activities. The assay, glucose-stimulated hormone release, can be affected by fuel metabolism, tissue-specific transcription factors, calcium homeostasis, and components of the exocytotic machinery. If the transfection efficiency of the RNAi agents into the ␤ cell approach 100%, insulin release could be measured. However, this is not the case in purified ␤ cells, most ␤ cell lines, and the INS1E rat insulinoma cell line (20) used in this study. To correct for the shortcomings of low transfection efficiency, the human growth hormone (hGH) cotransfection technique is used to screen ␤ cell function (21) . Briefly, a plasmid encoding hGH is cotransfected with the siRNA. Once expressed, hGH is known to colocalize with insulin and is secreted in a glucose-dependent manner mirroring insulin secretion (22) . With such a strategy, hormone release is measured from only the transfected population of cells receiving the RNAi agent and is not masked by secretion from the untransfected cells (23) .
Glucose-stimulated hGH release is demonstrated in Fig. 2 . Typically in the INS1E cell line, a 30-min stimulation of 16 mM glucose elicits a 3-to 5-fold increase of insulin secretion over the basal secretion observed at 2.5 mM glucose (24) . As demonstrated in Fig. 2 , hGH secretion parallels this fold induction in control groups with siRNAs against GFP and red fluorescent protein (RFP) and is suppressed by an siRNA against glucoki- Step 1: Susceptibility loci are identified by several strategies, which can include disease-DNA marker analysis using SNP, restriction fragment length polymorphisms (RFLP), variable number of tandem repeats (VNTR), simple sequence repeats (SSR), and simple sequence length polymorphisms (SSLP). Alternatively, selectively breeding a desired trait against a constant genetic background can isolate a trait-containing locus in animal disease models.
Step 2: Flanking linkage markers identified in Step 1 delineate the chromosomal region, which is subsequently analyzed for known and predicted genes.
Step 3: Multiple siRNAs are designed and synthesized against the panel of selected genes.
Step 4: Each siRNA is functionally assessed in a cell-based assay. In regard to this study, the screen is for effects on pancreatic ␤ cell secretion.
Fig. 2.
The hGH-based functional assay of ␤ cell secretion can assess perturbations of glucose-stimulated secretion and is sensitive to known diabetogenes. Control siRNAs against GFP and RFP (black bars) do not affect glucosestimulated secretion in hGH cotransfected INS1E cells. Secretion is increased 4-fold at 16 mM glucose relative to 2.5 mM glucose. Impaired secretion is observed with an siRNA against glucokinase (GCK, MODY2 gene), an shRNA vector against hepatocyte nuclear factor 1-␣ (HNF1␣, MODY3 gene), and two shRNA vectors against pyruvate carboxylase (PC, susceptibility loci chromosome 11). Data are means Ϯ SEM of three to four individual experiments performed in triplicate.
nase (the known disease gene in MODY2 patients) and a short hairpin RNA (shRNA) vector against hepatocyte nuclear factor-1␣, the known disease gene in MODY3 patients (25) . The suppression of secretion by knockdown of these two MODY genes confirms the ability of the rat ␤ cell-screening assay to detect such genes involved in human diabetes. It should be noted that, during the identification of these MODY genes, substantially higher logarithm of odds scores were obtained as compared with the majority of diabetes-susceptibility loci, including the region screened in this study. To determine whether the hGH assay could identify genes from regions of similar statistical strength to 18p11, we next targeted a gene recently identified from a diabetes-susceptibility locus on chromosome 11. This particular locus was identified in the insulin resistance atherosclerosis family study [logarithm of odds ϭ 3.2 (26)], and further studies identified pyruvate carboxylase as a potential disease gene (47) . We developed two shRNA vectors against pyruvate carboxylase. As shown in Fig. 2 , each significantly impairs hormone secretion elicited by 16 mM glucose (by 65% and 60%).
Knowing that both strong causal and weaker susceptibility genes can be detected with the ␤ cell assay, we initiated a functional screen across the susceptibility locus on human chromosome 18. Using the 38 siRNAs designed and synthesized in
Step 3, each siRNA was screened by using the hGH secretion assay (Fig. 5 ). Of the 10 gene models examined, one in particular had a significant impact on ␤ cell secretion, which is summarized in Fig. 3A . Four siRNAs were synthesized against the rat gene corresponding to the human laminin ␣1 (LAMA1), the ␣ subunit of the heterotrimeric laminin complex (see note in Fig. 4C) . Each of the four siRNAs reduced glucose-stimulated secretion, albeit to varying degrees (73%, 75%, 40%, and 45%) (Fig. 4A) . The two most potent siRNAs (siLAMA1 #1 and #2) were further characterized as described in Fig. 3B . Inhibition of glucosestimulated secretion was dose-dependent over the range of 0.25-20 nM with siLAMA1 #1. Using the sequence of siLAMA1 #2, a DNA-based shRNA construct was prepared (shLAMA1 #2) and confirmed the observed decrease in glucose-stimulated secretion (by 60%).
To validate that the designed siRNAs specifically reduced LAMA1 mRNA, the cells receiving siRNA were enriched from the untransfected population by using a cotransfected GFP expression plasmid and fluorescence-activated cell sorting. RT-PCR was carried out after the enrichment of transfected cells. As shown in Fig. 3C , LAMA1 mRNA from INS1E cells transfected with siLAMA1 #1 and #2 was undetectable compared with cells transfected with a control siRNA or no siRNA.
Secondary Screen of Laminin-Binding Proteins. Laminins are glycoproteins of the extracellular matrix (ECM) and function through binding various protein ligands to trigger signaling cascades (27) . To delineate which of these pathways could be involved in laminin signaling in the context of ␤ cell function, a second screen was performed on selected members of three laminin receptor types (integrins ␣6, ␤1; dystroglycan; and laminin receptor 1, Fig. 6 ). Four siRNAs were designed for each gene and screened by the hGH secretion assay (see Table 2 for details). Of these four genes, a dramatic impairment of secretion was observed only with siRNAs against laminin receptor 1 (LAMR1). All four siRNAs designed against the LAMR1 gene severely reduced hGH secretion (80%, 55%, 60%, and 57%) as shown in Fig. 4A .
Role of Laminin-LAMR1 Interaction. LAMR1 has been described as a bifunctional protein based on physical binding assays (28) and sequence comparisons. The domain required for laminin binding resides within the C terminus of LAMR1 (28, 29) . The Nterminal domain has sequence similarity to ribosomal protein S2 (30) . Accordingly, the N-terminal domain has been proposed to be involved in ribosomal function; however, no such activity has been experimentally demonstrated. Although our functional screen has been optimized to detect perturbations of glucosestimulated secretion, it also remains susceptible to pathways that could alter the biosynthesis of hGH. Because of the possibility that LAMR1 may be involved in ribosome function and thus translation of proteins, we next investigated whether knockdown of LAMA1 and LAMR1 genes have a direct effect on hGH protein levels.
An immunoblot against hGH was performed on cells treated with siRNAs against LAMA1 and LAMR1. The two most potent siRNAs against LAMA1 reduced hGH protein levels by 30% and 50%, respectively, compared with an siRFP control and normalized to GAPDH (Fig. 4B ). The severity of this effect was greater for siRNAs against LAMR1, where hGH protein levels were decreased by Ͼ80%. The knockdown of both LAMA1 and LAMR1 genes specifically reduces hGH levels, and not endogenous genes, such as GAPDH (Fig. 4B) or other ectopically expressed genes such as GFP (Fig. 7) . It has been well described that biosynthesis of secreted hormones, such as insulin in the ␤ cell, is highly regulated at the level of translation (31) . In the case of insulin, this process utilizes specific recognition sequences contained within the 5Ј and 3Ј untranslated ends of specific genes, including insulin (32) . Although the transcription of hGH mRNA in our reporter construct is driven by the CMV promoter, the expected transcript retains portions of the native 5Ј and 3Ј untranslated ends of the hGH gene and may therefore be available for gene specific translational control. Based on the specific effect of LAMA1 and LAMR1 siRNAs on hGH levels, we hypothesized a similar regulation of biosynthesis may occur with the endogenous insulin. To determine whether insulin levels are affected by LAMR1 knockdown, it was necessary to first enrich the transfected population of cells. INS1E cells were transfected with siRNAs against LAMR1 and RFP. To exclude untransfected cells from the analysis, the siRNAs were cotransfected with the puromycin resistance gene followed by 2 days of selection with the puromycin antibiotic. The enriched transfected population of cells was collected and processed for immunoblot analysis (Fig. 4C) . Each of the four LAMR1 siRNAs reduced both LAMR1 and insulin protein levels compared with the siRFP control, whereas laminin ␤1 (LAMB1) was relatively unchanged across the samples. The observed decrease of insulin suggests that the biosynthesis of insulin is highly dependent on LAMR1 expression.
Discussion
By using a functional screen across genes in susceptibility loci 18p11, we have isolated LAMA1 as a strong candidate for associated diabetes risk. To further understand the role of laminin-1 in the ␤ cell, we conducted a secondary screen of laminin effectors, and identified LAMR1. Further analysis of LAMR1 knockdown provided previously undescribed functional evidence of LAMR1 exerting effects on the translational machinery.
Considering other observations of laminin function on ␤ cells, we can begin to assemble a model of how laminin-LAMR1 interactions can influence ␤ cell function. Several studies have observed the beneficial effects of laminin-1 and extracellular matrix (ECM) preparations on pancreatic islet development and function. Purified laminin-1 or Matrigel (a commercial preparation of ECM, which is highly enriched with laminin-1) promotes differentiation of cultured rat ␤ cells (33, 34) . Insulin content of human adult pancreatic cell cultures increases when grown on Matrigel (35, 36) . These beneficial effects are inhibited by antibodies against laminin-1 (37). A role for LAMR1 has been proposed in angiogenesis (38) , and the pancreatic islets are vascularized with a highly fenestrated capillary network (39) . These observations, coupled with the demonstrated presence of laminin-1 in intraislet capillaries (40) , lead to the intriguing possibility that the laminin-LAMR1 interaction may facilitate a functional crosstalk between insulin-secreting cells and their associated vasculature. This would ensure that the highly metabolically active ␤ cell receives adequate oxygen, and these secretory cells maintain appropriate levels of insulin.
Replenishment of secreted insulin is critical in the maintenance of insulin stores and as such, the ␤ cell has adapted a highly regulated translation control of insulin (31) . Because the knockdown of LAMR1 decreases insulin protein levels and, due to the homology of the intracellular C terminus (29) of LAMR1 to the A reduction of hGH protein levels was observed with all siRNAs against LAMR1 and less severely with siRNAs against LAMA1. GAPDH was used as a protein-loading control. (C) Insulin expression is decreased in siLAMR1-treated cells. INS1E cells were cotransfected with the indicated siRNAs and a vector for the expression of the puromycin resistance gene. Transfected cells were selected by puromycin treatment for 36 h, and cell lysates were analyzed by Western blot. Note that each siRNA against LAMR1 specifically reduced both LAMR1 and insulin expression compared with the loading control, laminin ␤1 (LAMB1). Note that laminins are heterotrimeric proteins consisting of ␣, ␤, and ␥ subunits. LAMA1 is a component of laminin-1 and -3, which differ by the ␤ subunit present, ␤1 and ␤2, respectively. In INS1E cells, the ␤1 isoform was detected by immunoblot, but not the ␤2 isoform.
S2 ribosomal protein, we propose that LAMR1 modulates translational control of insulin. In Fig. 8 , we diagram three models of the numerous scenarios by which LAMR1 can enhance translational activation. Each model takes into account previous observations describing translational control of insulin biosynthesis and shared elements of hGH biosynthesis, such as a regulatory UTR and a signal peptide. In model one, LAMR1 modulates translational activity via the UTR of insulin mRNA (32) . LAMR1 exerts its effects via preproinsulin prebound to the ribosome and signal recognition particle in model two (41) and via cotranslocation translation of the secreted protein in model three (42) .
In addition to effects on the pancreatic ␤ cell, altered LAMR1 activity may also affect insulin-sensitive tissues such as liver, skeletal muscle, and adipose tissue. Additional studies to determine the role of LAMR1 in these tissues will be required to fully understand the role of the laminin-LAMR1 interaction in the context of diabetes. Expanding our screening strategy toward functional assays for these tissues, such as insulin sensitivity and glucose metabolism, will further improve the odds of identifying genes involved in diabetes.
Our findings from this functional screen exemplify the promise of using population genetic studies to guide functional genomic screens, whereas the process of identifying a causative gene from the susceptibility locus was greatly accelerated. Reciprocally, functional screens can focus the search for causal sequence variations on smaller genomic regions, which will in turn accelerate discoveries in these studies. For instance, high-density SNP mapping could initially be restricted to the LAMA1 gene, rather than across the entire susceptibility locus. Likewise, the functional identification of LAMR1 in this study directs future genetic studies to analyze this gene in regards to diabetes.
In addition to identifying disease-risk genes, the unbiased nature of this approach allows the identification of previously unknown pathways and interactions and should assist in understanding the functional consequences among multiple genes in complex trait diseases such as diabetes. Methods such as congenic (43) and chromosome substitution strains of animals (44) and expanded human genetic studies become far less feasible as the number of identified genes increase and various combinations of genes are required to elicit a phenotype. However, a readily scalable high-throughput cell-based functional assay can accommodate such a combinatorial discovery approach and thus help construct a more complete network of disease-risk genes and their functional interrelationships. Describing such genetic relationships to disease will assist the interpretation of an individual's genetic profile toward diagnosis and personalized treatment programs.
Materials and Methods
Cell Culture and hGH Secretion. INS1E cells were cultured as described by Asfari et al. (45) and seeded at a density of 2.5 ϫ 10 5 cells per well in a 24-well tissue culture plate (Falcon). Cells were washed three times with modified Krebs-Ringer bicarbonate buffer (KRBH) containing 135 mM NaCl, 3.6 mM KCl, 10 mM Hepes (pH 7.4), 5 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgCl, and 1.5 mM CaCl 2 and preincubated for 30 min in KRBH with 2.5 mM glucose. Cells were washed an additional two times and incubated with KRBH supplemented with either 2.5 or 16 mM glucose. After 30 min of incubation at 37°C, medium was collected for hGH ELISA and measured according to vendor protocol (Roche Diagnostics).
siRNA Design and Synthesis. siRNAs were designed by using publicly available algorithms (16, 17) . siRNAs were either synthesized at the Memorial Sloan-Kettering Cancer Center's siRNA core facility or purchased from a commercial vendor (Integrated DNA Technologies, Coralville, IA). DNA-based shRNA plasmids were constructed by annealing two complementary oligonucleotides, followed by ligation to pSilencer 1.0 (Ambion, Austin, TX) digested with ApaI͞EcoRI per vendor-supplied protocol. See Supporting Text, which is published as supporting information on the PNAS web site, for the oligonucleotide sequences used. 6 cell were plated and transfected in 3 ml using scaled-up conditions as described above.
Enrichment of Transfected Cells by FACS and Puromycin Selection.
Cells were cotransfected with GFP expression vector, pEGFPN3 (Clontech), and either no siRNA or siRNAs designed against the target gene. After 2 days, to allow for sufficient GFP expression, transfected cells were enriched by fluorescence-activated cell sorting by GFP fluorescence (FACSAria; Becton Dickinson). Sorted cells were centrifuged (6 min at 3,800 ϫ g) and immediately processed for mRNA purification.
Alternatively, cells were cotransfected with the vector pSofA (see Supporting Text for vector details), which includes the CMV promoter followed by a puromycin resistance gene, an internal ribosome entry site, and the EGFP gene. After 24 h, the media were supplemented 1.5 g͞ml puromycin for 2 additional days and then for 8 h without puromycin. Cells were washed two times with 5 ml of PBS media, then collected in 1.5 ml of PBS (without calcium and magnesium) and centrifuged (6 min at 3,800 ϫ g).
Western Blotting. Collected cells were lysed in 1% Nonidet P-40 supplemented with protease inhibitor mixture (Roche Diagnostics), one tablet per 50 ml. Total protein was quantified by a modified Lowry method (Bio-Rad), and 20 g of protein was loaded on a precast 10% Bis-Tris gel (Invitrogen). Proteins were transferred to 0.45 M poly(vinylidene difluoride) membrane, which was then blocked with 1% BSA in TBS-T buffer (25 mM Tris͞0.15 M NaCl͞0.2%Tween 20) for 1 h. After five washes with TBS-T (5 min each), the membrane was incubated with the primary antibody diluted in TBS-T for 1 h. This was followed by five washes with TBS-T (5 min each) and incubation with the secondary antibody (if required) for 1 h and then five washes with TBS-T. Antibodies and their dilutions are described in Supporting Text. Chemiluminescent detection was performed with the West Pico Supersignal Kit (Pierce) according to the vendor-provided protocol. The chemiluminescent reaction was captured with Kodak BioMax XAR film, which was exposed at multiple time intervals. The developed film was scanned on a high-resolution flat-bed scanner, and protein bands were quantitated with IMAGE J (46) image analysis software.
RT-PCR. RNA and first-strand DNA synthesis were prepared from FACS cells by using the PROSTAR First Strand RT-PCR Kit (Stratagene), according to vendor instructions. PCR of the desired targets was performed with specific oligonucleotide primers (see Supporting Text for additional details).
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